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Our Reference: VMA-506-A PATENT 

MAGNET SHAPING AND POLE CONCENTRATION 
FOR REDUCTION OF COGGING TORQUE 
IN PERMANENT MAGNET MOTORS 

BACKGROUND OF THE INVENTION 

Field of the Invention : 

The invention relates in general to the reduction of cogging torque in 
permanent magnet motors, and particularly to brushless permanent magnet motors. 
Description of the Related Art : 

[0002] Permanent magnet motors include a stator core, which is typically made 

of a stack of thin, metal laminations. The laminations are usually round, with a central 
opening. The stator core thus is generally cylindrical in shape, with a cavity extending 
lengthwise about its central axis. In brushless permanent magnet motors, each stator 
lamination includes radially-extending slot openings, or notches, from the central 
opening that are aligned when stacked to receive stator windings, or conductors. 

[° 003 ] The stator core surrounds a rotor, typically consisting of a circular steel 

shaft with a number of permanent magnets fixed around the circumference of the 
shaft. The rotor can also comprise a stack of laminations instead of a solid steel shaft. 
The permanent magnets are magnetized to form a plurality of magnetic poles. 

[° 004 ] In permanent magnet motors, cogging torque is caused by the 

combination of two factors, the permanent magnet magneto-motive force and the 
variation of the air gap permeance between the stator and the rotor. Cogging torque 
is represented by the following formula: 

[° 005 ] T cog (9 r ) = -dW/d9 r = - (>/ 2 ) (MMF) 2 (dX/d0 r ), wherein 

T cog is the cogging torque; 
W is the total energy of the field; 
0 r is the rotor position angle; 

MMF is the magnetic excitation of the permanent magnets; and 
X is the air gap permeance. 

In the design of permanent magnet machines, cogging torque is a concern because it 
adds unwanted harmonic components to the torque-angle curve, resulting in torque 
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pulsation upon operation of the machine. Although net cogging torque is zero, it 
causes noise, power losses and inaccuracies, particularly in servo-positioning drives. 
Thus, reduction of the momentary cogging torque is desirable. 
[° 006 ] The reduction of cogging torque can be approached in a variety of 

ways. One is to reduce the rate of change of the air gap permeance. Another is to 
shift poles so that cogging torque produced by one pole cancels another. Finally, 
since the magnetic excitation of the permanent magnets is squared in the formula, a 
reduction in magnetic flux produced reduces cogging torque. One means disclosed by 
the prior art to reduce cogging torque is by shaping permanent poles using a tapered 
arc. Another is skewing the lamination stack of the stator. In either case, the use of 
discrete magnets can result in excessive cogging torque because of manufacturing 
tolerances in orienting the magnets on the rotor surface. 
[° 007 ] To overcome the problems with discrete magnets, it is sometimes 

possible to use a ring magnet mounted on the core, but the magnets of the ring must 
be perfectly aligned in some motors, or the cogging torque is increased. For example, 
in a permanent magnet brushless motor with nine slots and eight poles, the cogging 
torque is reduced by the cancellation effects from one magnet to another. When there 
is misalignment, the cogging torque increases. Thus, it is desired to create a machine 
design that reduces cogging torque through pole alignment without the drawbacks of 
present methods. 


SUMMARY 

[° 008 ] The present invention is a rotor for a permanent magnet motor 

comprising a rotor yoke and a permanent magnet ring mounted on the rotor yoke, the 
permanent magnet ring including a plurality of circumferentially spaced poles. One of 
the rotor yoke and the permanent magnet ring is an annular member including 
depressed portions along an outside peripheral edge, each depressed portion located 
around a midpoint between two poles. The depressed portions are shaped so the 
motor produces a sinusoidal flux density. In one aspect of the invention, the other of 
the rotor yoke and the permanent magnet ring is an annular ring. 

In one aspect of the invention, the rotor yoke is skewed. In this aspect, 
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the magnet ring preferably includes the depressed portions, but another aspect 
includes the depressed portions on the rotor yoke. 
[°° 1 °] In another aspect of the invention, each of the plurality of poles is 

tapered along each depressed portion. In this aspect, the magnet ring preferably 
includes the depressed portions. 

[°° 1 1 1 The rotor yoke can comprise a stack of laminations in yet another 

aspect of the invention. 

[°° 1 2 J Preferably, the permanent magnet ring is a pressed permanent magnet 

ring. 

[° 01 3 ] The depressed portions can form a variety of shapes. For example, the 

depressed portions can form roughly trapezoidal or ovoid depressions. Each of the 
depressed portions can also form an apex of a triangle. In a preferred aspect, each of 
the depressed portions is uniform in shape. 

[°°14] I n yet another aspect of the invention, the magnet ring includes six 

poles. 

5 ] The magnet ring comprises one of a rare-earth magnetic material and a 

ceramic magnetic material. 

C 001 6 J Another rotor of the present invention comprises a rotor yoke and a 

permanent magnet ring mounted on the rotor yoke, the permanent magnet ring 
including a plurality of circumferentially spaced poles. One of the rotor yoke and the 
permanent magnet ring includes a plurality of depressions along an outer peripheral 
edge. Each of the plurality of depressions located around a junction defined by two 
poles, and the plurality of depressions are shaped so the motor produces a sinusoidal 
flux density during operation. 

[° 017 ] In this aspect, the outer peripheral edge can be annular between the 

plurality of depressions. In another aspect of the invention, the other of the rotor 
yoke and the permanent magnet ring has an annular outer peripheral edge. 

[° 01 8 ] In yet another aspect of the rotor, the rotor yoke is skewed. Each of 

the plurality of poles can be tapered along each of the plurality of depressions. 

[°° 1 9 ] In another aspect, each of the plurality of depressions is uniform in 

shape. 


[0020] 


The present invention improves the orientation of magnet poles with 
respect to each other. It allows the use of tapered magnetic poles with a ring magnet 
and/or skew of the rotor core. 


BRIEF DESCRIPTION OF THE DRAWING 
[° 021 ] The various features, advantages and other uses of the present invention 

will become more apparent by referring to the following detailed description and 
drawing in which: 

[° 022 ] Fi g- 1 is a plan view of a four-pole rotor design according to one aspect 

of the present invention, the rotor surrounded by a toothed stator lamination; 

t 002 " 3 ] ™ - Figs. 2 A 2C are throo oxamples - of possible shapes forMh trdepressed 

portions of the magnet ring of the rotor design of Fig. 1 and^^G^yo^fof^ 
rotor design of Fig. 3; ^ — " 

[° 024 ] Fig- 3 isajpl^rsoew of a six-pole rotor design of another aspect of the 

present invgntitJnfand 

[00251 ^^ Fig. 4 is a graph of rotor angle versus magnetic flux density of a motor 
< < — incorporating the rntor Hpsign<? qprorHing t 0 p ^ s, 1 and 3. 


[0036}- 


DETAILED DESCRIPTION 
~^hc prcson Un^en tion is intended to reduce cogging torque in 


permanent magnet motors by improving the alignment of magnet poles as is showjui 
the drawing, particularly in Figs. 1-3. Figure 1 shows a four-pole rotordesign 
according to one aspect of the invention. Specifically, Figrfshows a rotor 10 
surrounded by a stator core 12 without windings^-^e stator core 12 is preferably a 
stack of ferrous stator laminations. Hgrefthe stator core 12 is a twelve-tooth design 
by example only. The rotoHjWgmounted on a rotatable shaft 14. The yoke 16 of 
the rotor 10 accordingxtcTthis aspect of the invention is an annular steel yoke 16 
extending a predetermined radius R, from the center of the shaft 14. Alternatively, 
the yokHl> comprises a stack of ferrous laminations. Coupled to the yoke 16 is a 
^irfg magnet 1 8 with a peripheral edge 20 at a maximum radius R 2 from the center of 
the shaft 14. ■ 
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[°°27] Along the annular peripheral edge 20 of the ring magnet 1 8 are a 

plurality of pole shapes 22 on which poles are centered, four here by example only. 
At each junction 24 between two pole shapes 22, the peripheral edge 20 of the ring 
magnet 18 forms a depressed edge portion, or depression, 26 located around the 
junction 24 between two pole shapes 22, which is preferably at a midpoint between 
the poles located on the two pole shapes 22. The depressed portion 26 of the 
peripheral edge 20 in the embodiment of Fig. 1 extends from radius R 2 of the 
peripheral edge 20 to a minimum radius R 3 and back to the peripheral edge 20 at 
radius R 2 to form a shallow concave groove by example only. Each depressed portion 
26 can form any shape located around the junction 24. Preferably, each depressed 
portion 26 is the same shape, and each is symmetrical about the junction 24, but this 
uniformity is not necessary. 
[°028] Figures 2A through 2C show three examples of other shapes each 

depressed portion, or depression, 26 can take. The depressed portion 26 of Fig. 2A 
forms an arc roughly ovoid in shape. That is, the depressed portion 26 starts at the 
outside peripheral edge 20 and approaches the edge of the yoke 16 in a continuously 
curved segment and returns to the outside peripheral edge 20. In the aspect shown in 
Fig. 2B, the depressed portion 26 forms the apex of a shallow triangle in the 
peripheral edge 20 by two edge segments each starting at the outside peripheral edge 
20 and joining at a point 42 closer to the yoke 16. Figure 2C shows the depressed 
portion 26 as a scallop-shaped depression in the peripheral edge 20. The scalloped- 
shaped depression 26 is formed of two of more concave arcs 44 (only two shown) 
starting at the peripheral edge 20 and extending into the ring magnet 18. Each set of 
concave arcs 44 join at a smaller convex arc 46. The depressed portion 26 of the 
peripheral edge 20 can also form a roughly trapezoidal shape, to be discussed in 
further detail in the aspect shown in Fig. 3. 

[PG2£| ¥h e depth and width nf th^^ ha pp is rWU/ P H from an iterati ve r ror ^^j~ 

starting when a rotor 10, including the number of poles and thesh^^d^i^of^e 
depressed portions 26, is chosen. Then, numer^^ rotor 10 and 

stator, such as a statorincorpoait^^ core 12, is performed to calculate 

coggingjEa*p^^ torque, magnetic field strength and other machine variables 


for the particular electric machine design. The depth or the width of the depressecK^ 
portions 26 is adjusted, and the numerical modeling is performed agmn-uffiil the 
machine design is optimized. The shape may also be changedT^The machine design is 
optimized when the magnetic field generated bjythtfmagnets is roughly sinusoidal as 
shown in Fig. 4, and other machine v^rktBles are optimized. For example, an 
optimized design maximizps<5utput torque and minimizes cogging torque. Of course, 
the machine must-fcrg'designed to operate in the linear range of its flux density curve. 
Other variables of the machine design known to those skilled in the art are also 

railed and can be included in the optimization? — 

[0030] The ring magnet 18 of Fig. 1 can be created in a number of ways. The 

ring magnet 1 8 is preferably formed of a rare-earth magnetic material such as 
Neodymium-iron-boron or Samarium cobalt. Alternatively, a ceramic (ferrite) 
magnetic material can be used. The ring magnet 18 is preferably created by pressing 
magnet powder into a shaped mold, which is then sintered to form a solid, pressed 
ring magnet 18. Thus, skew can be added to produce a skewed pole. Alternatively, 
the ring magnet 18 can be formed as an annular ring, and the shape of the peripheral 
edge 20 is formed using machining techniques to taper the poles shapes 22 to 
junctions 24 between them, forming the depressed portions 26. Extrusion can also be 
used to form the ring magnet 18. In any case, the ring magnet 18 can be one piece 
extending along the length of the yoke 16, or can comprise more than one ring 
mounted axially adjacent each other along the length of the yoke 16. The ring magnet 
18 is coupled to the yoke 16 according to conventional means and can be subjected to 
either radial or parallel magnetization to form its poles on the pole shapes 22. 
[003 1] In this design, pole-to-pole orientation is improved over conventional 

discrete magnet placement due to machining accuracy. 

[0032] Fig. 3 showa a rotor design according to another aspect . of the 

invention. The rotor 10 is mounted on a rotatable shaft 14 and includes^yoke^O 
surrounded by an annular ring magnet 32. As previously^isCussed, the ring magnet 
32 is formed of a magnetic material, eitheF^rfare-earth magnetic material or a ceramic 
magnetic material an^aiH^formed by extrusion or by pressing. The ring magnet 32 
of Fig^Jias^ixpoles generally centered at line 34. The poles of the ring magnet 32 
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can be formed by subjecting the ring magnet 32 to either radial or parallel / 
magnetization. / 

[0033] The yoke 30 of the rotor 10 comprises a stack of ferrous larafmations 

extending to a maximum predetermined radius R 4 from the center of the shaft 14 to a 
peripheral edge 36. The yoke 30 can include skew. In another aspe#, the yoke 30 is 
a solid steel yoke. The yoke 30 is roughly annular in shape but has a plurality of 
depressed portions, or depressions, 38 along the peripheral ed^e 36, each depressed 
portion 38 located and preferably centered about a junction4o defined by the 
midpoint between two poles 34, The depressed portion 3# of the peripheral edge 36 
in the embodiment of Fig. 3 extends from radius R 4 to >a minimum radius R 5 along a 
radial path, follows a circumferential path along the^ame radius, then extends along 
another radial path to the peripheral edge 36 to form a shallow, roughly trapezoidal 
shape. / 

[0034] The shape of the depressed portion 38 of the peripheral edge 36 of the 

rotor yoke 30 is shown as a roughly trapezoidal shape by example only. Each 
depressed portion 38 can form any shape located around the junction 40. Preferably, 
each depressed portion 38 is the same shape, and each is symmetrical about the 
junction 40, but this uniformity/is not necessary. Figures 2 A through 2C show three 
examples of other shapes the/depressed portion 38 can take. The depressed portion 
38 of Fig. 2 A forms an arc/roughly ovoid in shape, i.e., the depressed portion 38 
starts at the outside peripheral edge 36 and approaches the edge of the rotatable shaft 
14 in a continuously curved segment and returns to the outside peripheral edge 36. In 
the aspect shown infTig. 2B, the depressed portion 38 forms the apex of a shallow 
triangle in the peripheral edge 36 by two edge segments each starting at the outside 
peripheral edge 36 and joining at a point 42 closer to the rotatable shaft 14. Finally, 
Fig. 2C shows the depressed portion 38 as a scallop-shape depression in the 
peripheral edge 36. The scalloped-shaped depression 38 is formed of two of more 
conca/e arcs 44 (only two shown) starting at the peripheral edge 36 and extending 
intc/the ring magnet 18. Each set of concave arcs 44 join at a smaller convex arc 46. 
Tne depressed portion 38 can also take the shallow, concave groove shape of the 
/ depressed portion 26 of the ring magnet 18 shown in Fig. 1. 
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[°035] The depth and width of the shape, as was previously described^is 

derived from an iterative process starting when a rotor 10, including the ndmber of 
poles and the shape and size of the depressed portions 38 are chosen/Then, 
numerical modeling is performed to optimize the particular machine design by 
changing the size, i.e., the depth or width, of the shape. In sdme circumstances, the 
shape itself must be changed during the iterative proce^; The depth or the width of 
the depressed portions 38 is adjusted, and the numeral modeling is performed again 
until the machine design is optimized. Consi^nt with the previous discussion, it is 
desired in the design that the magnetic fi^fd generated by the magnets is roughly 
sinusoidal as shown in Fig. 4, and otfier machine variables are optimized. 

[0036] As mentioned, ti>efyoke 30 of the rotor 10 preferably comprises a stack 
of ferrous laminations. T)& laminations are formed of thin, metal sheets pressed, or 
stamped, then joinecj/tfy conventional means to form the yoke 30, which can be 
skewed. The ypKe 30 can also be created by pressing powdered metal into a shaped 
mold, whkkis then sintered to form a solid metal yoke. Alternatively, whether the 
yoke^is a solid metal yoke or a stack of laminations, the shape of the yoke 30 can 
b^formed first by creating an annular peripheral edge 36, then forming the depressed 
X portions 38 through machining techniques. The yoke is mounted on the shaft 14 
agrvM-Hinp to ronve ntion n l mrnm ■ — - 

[0037] In the design of Fig. 3, the steel allows for accurate pole alignment by 

directing the magnetization and concentrating the field at the pole locations. 

[0038] Thus, the present invention improves the locating ability of the magnet 

poles on a rotor through the use of a ring magnet with a rotor yoke. Each aspect 
allows more accurate magnetization of the ring magnet by shaping either the rotor 
yoke or the ring magnet. Although four- and six-pole ring magnets are shown, any 
number of poles is possible. For example, eighteen- and twenty- pole designs are also 
possible. 


